A driving mechanism for a twisted nematic liquid crystal device that could possibly improve the viewing-angle characteristics and the cell gap error margin is proposed. It is important that the surface azimuthal anchoring strength of the liquid crystal cell differs at the upper and lower substrates, unlike a conventional twisted nematic ͑TN͒ mode. Electro-optical characteristics were investigated with an electric field applied in the plane of the substrates. It is numerically demonstrated and predicted that the proposed driving mechanism can have both the desirable features of in-plane switching mode ͑such as an excellent viewing angle͒ and those of a conventional TN type device ͑such as a small color shift and wide cell gap margin͒. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1459764͔ Until today, many types of liquid crystal devices ͑LCDs͒ that are based on their own unique fundamentals have been proposed and developed. The most common type is the twisted nematic ͑TN͒ cell. In their first decade of use, TN LCDs were adopted in watches and electronic calculators because of their simple structure, small size, light weight and low electric power consumption. However, LCDs also have some weak points, such as a limited viewing angle, slow response speed, and high manufacturing cost. With regard to visibility from an oblique direction to the LCD, serious problems such as reversal of the gray scale, decrease in contrast ratio, and color shift have been pointed out. In order to solve these problems, various techniques and novel driving modes have been proposed. One solution is to drive a nematic liquid crystal using an in-plane switching ͑IPS͒ mode with the electric field in the plane of the substrates. During the first half of the 1970s, the fundamental electro-optical ͑EO͒ effects of IPS mode with homogeneous and/or twisted nematic liquid crystal were investigated experimentally.
Until today, many types of liquid crystal devices ͑LCDs͒ that are based on their own unique fundamentals have been proposed and developed. The most common type is the twisted nematic ͑TN͒ cell. In their first decade of use, TN LCDs were adopted in watches and electronic calculators because of their simple structure, small size, light weight and low electric power consumption. However, LCDs also have some weak points, such as a limited viewing angle, slow response speed, and high manufacturing cost. With regard to visibility from an oblique direction to the LCD, serious problems such as reversal of the gray scale, decrease in contrast ratio, and color shift have been pointed out. In order to solve these problems, various techniques and novel driving modes have been proposed. One solution is to drive a nematic liquid crystal using an in-plane switching ͑IPS͒ mode with the electric field in the plane of the substrates. During the first half of the 1970s, the fundamental electro-optical ͑EO͒ effects of IPS mode with homogeneous and/or twisted nematic liquid crystal were investigated experimentally.
1,2 Then based on numerical calculations, Baur and co-workers suggested that IPS mode LCDs have the potential to solve the viewingangle problem. We note, however, that the mathematical approximation where the director arrangement is assumed to be a uniform twist was simplified too much. Baur and coworkers also noted that the homogeneously aligned nematic LCD driven by IPS mode is superior in viewing-angle quality to the twisted nematic LCD driven by IPS mode.
3 From our calculations, which are based on strict continuum theory, however, we show that their conclusion is mistaken; this will be discussed later. Oh-e et al. described threshold voltage characteristics 4 and viewing-angle quality 5 of a homogeneously aligned nematic driven by IPS mode. From their study 4, 5 it can be pointed out that any inaccuracy in the interval of a pair of substrates ͑i.e., cell gap͒ results in poor quality EO performance, that is, the cell gap error margin should be small. Despite their efforts, furthermore, the IPS mode cannot be an essential solution to the color shift problem. Recently, to suppress the color shift in IPS mode, a multidomain structure obtained by unidirectional rubbing and use of zigzag electrodes was proposed. 6 However, the structure and manufacturing processes became more complicated and the usual advantage of LCDs, i.e., that the structure is simple, might be lost.
In this letter we demonstrate the EO characteristics and switching behavior of in-plane switching twisted nematic mode ͑IT mode͒ that has promise of possibly improving not only the viewing-angle limitation, but also the color shift and the cell gap error margin as well. Systematic studies are now in progress; here we focus on the EO performance of IT mode. From a numerical calculation based on continuum theory where weak azimuthal anchoring energy is taken into account, it will be clarified that the IT mode is never inferior to IPS mode with a homogeneously aligned nematic LCD.
A schematic diagram of off and on states with IT mode is illustrated in Fig. 1 , where a nematic LC ͑NLC͒ with negative dielectric anisotropy was supposed to be employed. The director arrangement of the liquid crystal molecules in the cell is controlled to have a 90°twist, and the optical axes APPLIED PHYSICS LETTERS VOLUME 80, NUMBER 10 11 MARCH 2002 of the polarizer and analyzer are set parallel to the director at the upper-and lower-substrate surfaces. This is the same as in conventional TN mode in normally white geometry. In order to realize uniform twist alignment and to improve the response time for the driving voltage, a small amount of chiral dopant is mixed with the host nematic liquid crystal.
Without an applied field, the incident light can pass through the analyzer ͑off state͒, provided that it satisfies the Mauguins condition. 7 To drive the reorientation director, an electric field parallel to the analyzer axis is applied in the plane of the substrates by a pair of electrodes located on the lower substrate's surface. Similar to standard IPS mode, in order to suppress the splayed alignment due to the divergent electric field near the electrode, materials with negative dielectric anisotropy (⌬Ͻ0) are preferable. 2, 8 In the case of employing materials with positive dielectric anisotropy (⌬Ͼ0), the electric field should be applied perpendicular to the analyzer's axis. At a certain electric field, the director arrangement can change and exhibit quasihomogeneous alignment with no light passing through ͑the extinction state, or the on state͒. The direction of rotation of each director throughout the cell is restricted to parallel to the substrates, thus the viewing-angle limitation of the IT-mode LCD should be wider than that of the conventional TN LCD. Furthermore an extinction state can be obtained since the cell behaves as a uniaxial medium. Therefore deviation of the cell gap from the nominal cell gap will not affect the optical transmittance, and the color shift problem will also be solved without adopting any optical compensation films.
In our experiment, the liquid crystal material, 5CB (4-cyano-4Ј-pentylbiphenyl) was used ͓birefringence ⌬n ϭ0.18 ͑25°C, ϭ633 nm͒; dielectric anisotropy ⌬ϭ9.9 ͑25°C, 1 kHz͔͒. ͑Note that materials with ⌬ϽϪ10 are not easily attainable.͒ The alignment film used was poly-vinyl alcohol ͑PVA͒ for the upper substrate and poly-vinyl cinnamate ͑PVCi͒ for the lower substrate. The cell gap was 4.0 m and the gap between the pair of electrodes was 1.5 mm. The light source was a He-Ne laser (ϭ632.8 nm). Figure  2 shows the EO response typically observed by applying an electric field. This experimental result exhibits a continuous change in EO response with applied electric voltage. To confirm the viewing-angle characteristics, a preliminary experiment is also shown in Fig. 2 , where represents the polar angle with respect to the cell normal and the plane of incidence light is parallel to the electrode. These results indicate that IT mode has excellent viewing-angle characteristics.
Figure 3 presents numerical calculation of the director arrangement throughout the cell and the resulting EO characteristics. First the director arrangement was calculated by the torque balance equation based on continuum theory for a nematic liquid crystal, in which the azimuthal anchoring strength is taken into account. 9 The azimuthal anchoring strength at the lower substrate A d is a parameter while the azimuthal anchoring strength at the upper substrate A 0 is supposed to be 1ϫ10 Ϫ4 J/m 2 . Then the EO response was calculated by Berreman's 4ϫ4 matrix method. 10 The Mauguin minimum condition 7 is given by
where d is the cell gap, and ⌽ t is the initial twist angle. Here we suppose that mϭ1, the wavelength ϭ550 nm, the cell gap dϭ4.0 m, and ⌽ t ϭ90°, respectively. As shown in Fig. 3 , the numerical results of the EO response exhibit peculiar curves that correspond to the experimental results. In comparing the shape of the numerical curves with the experimental result, a different curvature was found around the low applied electric field region, because the director at the lower substrate is not exactly perpendicular to the electric field because of the given weak anchoring and the error in fabrication. Here we focus on the effect of the surface anchoring strength. be much weaker than A 0 so as to induce quasihomogeneous alignment. In the literature, nobody has described the importance of controlling the surface anchoring strength. If the surface anchoring strength at both substrates is strong, which is similar to in conventional TN mode, quasihomogeneous alignment is no longer realized, as shown in Fig. 3͑a͒ . Furthermore, for the gray level of transmittance, e.g., when the applied voltage is 200 V/mm, a uniform twist arrangement of directors cannot be seen, even in the case of weak surface anchoring ͓Fig. 3͑b͔͒. The mathematical approximation,
